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Tin monoxide (SnO) is an interesting two-dimensional material because it is a rare oxide semiconductor with bipolar
conductivity. However, the lower room temperature mobility limits the applications of SnO in the future. Thus, we system-
atically investigate the effects of different layer structures and strains on the electron—phonon coupling and phonon-limited
mobility of SnO. The Aj, phonon mode in the high-frequency region is the main contributor to the coupling with electrons
for different layer structures. Moreover, the orbital hybridization of Sn atoms existing only in the bilayer structure changes
the conduction band edge and conspicuously decreases the electron—phonon coupling, and thus the electronic transport
performance of the bilayer is superior to that of other layers. In addition, the compressive strain of € = —1.0% in the
monolayer structure results in a conduction band minimum (CBM) consisting of two valleys at the I" point and along the
M-T line, and also leads to the intervalley electronic scattering assisted by the E;(_ 1) mode. However, the electron—phonon
coupling regionally transferring from high frequency Ay to low frequency Ey(_ 1y results in little change of mobility.

Keywords: two-dimensional materials, tin monoxide, electronic transport, electron—phonon coupling

PACS: 51.50.+v, 63.20.kd, 63.20.dk, 73.90.+f

1. Introduction

It is well known that dimension plays one of the cru-
cial roles in the properties of materials because the dimen-
sionality reduction can give rise to significant changes. Thus,
since the discovery of graphene, we have witnessed an ex-
plosion of interest in developing two-dimensional (2D) ma-
terials and understanding their properties.!'?) A common
characteristic of 2D materials is the weak van der Waals
interaction between the layers and strong bonding within

the layers. Beyond the graphene, 2D materials, such as
Xenes,’>! metal chalcogenides, 8 MXenes,>!0 layered
oxide materials,'1"12! and others,[!3-19] have received consid-

erable attention. The most monumental reason for this is that
many motivating properties only exist in 2D materials. For ex-
ample, the suitable bandgap, ultrahigh carrier mobility, and
other novel quantum effects make them suitable for use in
electronic, optical, and logic devices.!!7-20]

Among the 2D materials, [IV-VI compounds provide an
opportunity for sustainable electronic and photonic systems
due to their various structures, abundance in the earth, and
nontoxic characteristics.'3?!! The ultrathin IV-VI compounds
(SnS, 22231 SnSe, 26271 and SnSSe!?®!) have been mechani-
cally exfoliated and applied in high-performance field effect
transistors. In addition, IV-VI compounds have demonstrated
many interesting physical properties that are worthy of in-
depth study.”! For example, the direct bandgap of ~ 1.5 eV
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makes SnS have a high absorption coefficient, and a promising
candidate for solar cells, photodetectors, and photocatalytic

30-321 The transformation from the amorphous

water splitting. !
to the crystalline state of SnSe under a laser showed its advan-
tage over memory devices.[>3=33! Theoretical work also pre-
dicted that SnSe has a layer-dependent bandgap and can transit
from an indirect to a direct bandgap semiconductor when the
thickness decreases to a monolayer, thus indicating its poten-
tial applications in optical and optoelectronic devices.*®! Fur-
thermore, multiferroics, 378! piezoelectric,[39’40J and topo-

sI41=43] have also been predicted in the family

logical insulator
of IV-VI compounds, greatly extending their future applica-
tions.

Tin monoxide (SnO) is an interesting semiconductor
and shows promise for a wide variety of technological

s.1*! The stable phase of SnO has a tetragonal crys-

application
tallographic structure (P4/nmm space group!®—71). The spe-
cific lone pairl*®! of 5s electrons in SnO leads to the dipole—
dipole interaction and the unique structure versus other IV—
VI compounds, which makes SnO a rare oxide semiconductor
with bipolar conductivity.[*=3!1 The van der Waals interaction
along the [001] crystal direction also makes SnO form a lay-
ered structure with the Sn—O-Sn sequence,>>>* as shown in
Fig. 1. Due to the large direct optical bandgap,>>-8! the pos-
sible coexistence of electrical conductivity and optical trans-
parency makes it ideal for invisible electronic devices.[>! As
an essential physical property of the application potential in

*Project supported by the National Natural Science Foundation of China (Grant No. 11747054), the Specialized Research Fund for the Doctoral Program of
Higher Education of China (Grant No. 2018M631760), the Project of Hebei Educational Department, China (Grant Nos. ZD2018015 and QN2018012), and
the Advanced Postdoctoral Programs of Hebei Province, China (Grant No. B2017003004).
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multifunctional electronic devices, the electronic transport of
SnO has been reported by many experimental studies. Field
effect transistors using SnO have been developed!!'%-00-631 and
show P-type conduction with the room temperature mobility
~ 1 cm?/(V-s), which is much lower than that of MoS, 17:64.63]

e,190] and also limits the use of SnO in the fu-

and phosphoren
ture. The improvement of the mobility by the executable ex-
perimental method becomes a problem that demands prompt
solution.

In experiments, several kinds of preparation methods!¢”!
can control the production of high-quality 2D materials with
a selected number of layers. It is found that many phys-
ical properties, especially the band edge structure, depend
strongly on the number of layers. The twist angle between
adjacent layers!®®~7!1 can also affect electron structure. More-
over, strain engineering!’?! has been successfully used to tailor

73761 such as the crystal struc-

the properties of 2D materials,|
ture, bandgap, phonon, and so on. In order to study the effects
of the above experimental methods on the electronic transport
in SnO and provide the necessary calculation basis for the mul-
tifunctional applications of SnO, here, we study the electron—
phonon coupling and phonon-limited mobility!””-78! of SnO
modulated by different layer structures and strains based on
first-principles calculations with Boltzmann transport theory.
It is found that the A, phonon mode in the high-frequency
region contributes to the major electron—phonon coupling for
different layer structures. It is noteworthy that the significant
change in the conduction band edge of the bilayer results in a
huge reduction of electron—phonon coupling, thus improving
the electronic transport performance. In the monolayer struc-
ture, although the compressive strain of € = —1.0% greatly
impacts the conduction band edge and changes the region of
the main electron—phonon coupling in the phonon spectrum,
its comprehensive effect on the mobility is minimal when the
other strains also have little effect on the electronic transport.

2. Methods

Our calculation is based on the semiclassical Boltzmann
transport theory. The transport electron—phonon coupling con-
stant A can be obtained by

de=2 [ o @F (0)do, (1)

where a2F (@) is the transport spectral function.!”! The re-
laxation time T and the temperature dependence of mobility
W(T) can be expressed as

’[71 _ 477:](]3 T
B h

2eNp(v?
7y = 2eNr)
n2pSeell

do @& ,
— ——02F(0), 2
® sinh?@® (@) @

3)

where (v2) is the average square of the Fermi velocity along
the x direction, and S.¢; is the area of the unit cell. The above
method of electronic transport includes the coupling of all
phonon modes in the dense ¢ grid with the electrons, and is
more comprehensive than the deformation potential theory 78],
which involves only the effect of the longitudinal acoustic
phonon mode.

The technical details of the calculations are as fol-
lows. All calculations, including the electronic structures,
the phonon spectra, and the electron—phonon couplings,
were carried out using the ABINIT package!3"-%31 with the
local-density approximation. The ion and electron inter-
actions were treated with the Hartwigsen—Goedecker—Hutter
pseudopotentials.’®* The strain was introduced by adjusting
the lattice constant a of the monolayer SnO with the strain
capacity € = (a — ap)/ao x 100%. By requiring a conver-
gence of the results, the kinetic energy cutoff of 600 eV and
the Monkhorst-Pack k-mesh of 30 x 30 x 1 were used in all
calculations about the electronic ground-state properties. The
phonon spectra and the electron—phonon couplings were cal-
culated on a 15 x 15 x 1 g-grid using the density functional
perturbation theory (DFPT).!®3] Because of the semiconduc-
tive property of SnO, carrier doping was necessary for the
study of electronic transport properties, and we only con-
sidered electron doping with a doping concentration nyp =
0.5 x 1013 cm™2. Tt was a reasonable value for the experimen-
tal doping technology and made the Fermi level locate around
the conduction band edge.

3. Results
3.1. Number of layers and stacking effects

The monolayer SnO consists of three atomic layers,
with the oxygen layer sandwiched between two tin layers
(Fig. 1(a)). The equilibrium lattice constant is found to be
ao = by = 3.835 A. The corresponding band structure shows a
direct bandgap of ~ 2.5 eV with both the valence band max-
imum (VBM) and conduction band minimum (CBM) located
around the I'" point (Fig. 1(a)). The band structure near the
VBM is an approximate local flat band that results in the heavy
electronic effective mass.

Furthermore, the number of layers and stacking types are
also considered in the present work. First, the prototypical
bilayer structure (denoted by bilayer for simplicity) is simi-
lar to the bulk structure (P4/nmm) but has a vacuum layer
of 16 A in order to be a 2D structure (Fig. 1(b)). The space
between two adjacent Sn in different layers is 2.67 A along
the z-axis and includes the midpoint of a and b lattice vec-
tors. The band structure of the bilayer shows that the CBM
changes from the I" point (Sn: py orbit) to the M point (Sn:
s+p; orbits),[*8] and the valence band around the I" point (Sn:
py orbit) has a Mexican-hat-like band structure (Fig. 1(e)). The
indirect bandgap of ~ 1.0 eV in the bilayer is much narrower
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than that of the monolayer, which is obviously different from
the other 2D materials.[%%%%] The important cause is the inter-
layer Sn—Sn interactions, *8 despite the weak van der Waals
interactions between adjacent layers. The corresponding weak
orbital hybridization of Sn atoms in different layers leads to
bonding—antibonding splitting, which is inversely proportional
to the space between two Sn atoms. Second, one of the bilay-
ers is translated one-half lattice constant along the b-axis to
constitute the new bilayer structure (denoted by T-bilayer for

monolayer

(a) (b)

Sn

c°§ 5 2 E 2 E 20
I Sn
b

(d) (e)
4

bilayer

simplicity), as shown in Fig. 1(c). The space between two ad-
jacent Sn in different layers is 4.05 A along the z-axis, which is
larger than that in the bilayer, and results in smaller bonding—
antibonding splitting. Thus, the band structure of the T-bilayer
is similar to the monolayer with a smaller bandgap of ~ 1.9 eV
(Fig. 1(f)). Moreover, the Mexican-hat-like band or flat band
around the VBM in three structures gives rise to low P-type
carrier mobility, and therefore only the N-type carrier is con-
sidered in the present work.

T-bilayer

N

2t

D\/

Energy/eV
—

/

(

)

r X M rr X

M rr X M r

Fig. 1. Lattice structures of the (a) monolayer, (b) bilayer, and (c) T-bilayer, and the band structures of the (d) monolayer, (e) bilayer, and (f)
T-bilayer. The monolayer structure has a direct bandgap of ~ 2.5 eV at the I" point. Both types of bilayers have indirect bandgaps, which are
~ 1.0 eV and ~ 1.9 eV, respectively. The VBM and CBM of the T-bilayer structure are located around the I" point. However, the CBM of the
bilayer structure around the M point is distinctly different from that in the other two cases.

By using the DFPT, we calculated the phonon spectra and
the electron—phonon couplings of the monolayer, bilayer, and
T-bilayer. As shown in Fig. 2, the absence of imaginary fre-
quency in the phonon spectra ensures the dynamic stabilities
of the three cases. According to the group theory, the follow-
ing five irreducible representations at the I" point are used to
denote the optic vibrational modes: I = Ay + By +2E; +
Aoy +Ey.["1 Figure 2(d) shows the three main optical vibra-
tion modes (Azy, Eg(_1), and Ey(_5)) that are strongly coupling
with electrons, as demonstrated in the following discussions.
The magnitude of the phonon linewidth is indicated by the size
of the red error bar in Fig. 2. It is found that the high-frequency
phonon in the range of 350-400 cm ™! has the largest phonon
linewidth in the monolayer SnO, corresponding to the rela-
tive vibration between the Sn sublattice and the O sublattice
in the xy plane (irreducible representation: Aj,). With regard
to the bilayer, due to the significant changes in the conduction
band, the values of the phonon linewidth decrease markedly,

as shown in Fig. 2(b). The phonon linewidth of the T-bilayer is
slightly smaller than that of the monolayer for the analogical
band structures.

As shown in Fig. 3(a), the main peaks in the trans-
port spectral function o4 of the monolayer also demonstrate
that the strong electron—phonon coupling is derived from the
phonon in the range of 350400 cm ™!, in accordance with the
above results of phonon linewidths; the same is true for the
case of the T-bilayer. In contrast, the much smaller phonon
linewidths of the bilayer generate the lower peak in the overall
transport spectral function. According to Eq. (3), the elec-
tronic relaxation times 7 of three cases are shown in Fig. 3(b).
The monolayer and T-bilayer have close results due to their
similar band structure, phonon spectra, and phonon linewidths.
Both cases have 7 of ~ 10 fs at room temperature. Moreover,
the weaker electron—phonon coupling of the bilayer gives rise
to a much longer electronic relax time than the monolayer and
T-bilayer, such as when T = 20 fs at room temperature.
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Fig. 2. Phonon spectra and phonon linewidths of the (d) monolayer, (e) bilayer, and (f) T-bilayer. The magnitude of the phonon linewidth is
indicated by the size of the red error bar, and the magnitude for the bilayer is plotted with ten times the real values. The large phonon linewidths
mainly focus on the I point in the high-frequency region (350 ~ 400 cm™").
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Fig. 3. (a) Transport spectral functions o4 of the monolayer, bi-

layer, and T-bilayer. The main peak appears at ~ 380 cm™! in the

high-frequency region, which is consistent with the results of phonon
linewidths. The peak value of the bilayer is much lower than those of
the other two cases. (b) The electronic relaxation time 7 of the mono-
layer, bilayer, and T-bilayer as a function of temperature 7.

3.2. Strain effect

In addition to the effects of the number of layers and
stacking types, we also study the influences of different ex-
tents and types of strains in the monolayer structure, including
tensile and compressive strains. To ensure the dynamic sta-

bility of lattice structures, only strains of no more than 1%
are considered in the present work, which will be discussed
later. Under compressive strains, the conduction bands around
points X and M are gradually approaching the CBM with the
increase in strain, as shown in Fig. 4. In particular, the com-
pressive strain of € = —1.0% makes the CBM consist of two
parts: the valleys at the I point and the valleys along the M—
I' line. However, the tensile strains have little impact on the
CBM except for the slight rise in conduction bands around the
X point.

In the phonon spectra of different extents and types of
strains (Fig. 5), it is found that compressive strains increase
atomic vibration frequencies due to the reduction in the dis-
tance between atoms and the strengthening of the bond en-
ergy, which is just opposite to the tensile strains. Because
two tensile strains and the compressive strain of € = —0.5%
have almost no influence on the conduction band edge, the
results about phonon linewidths show similar little effect of
strains. For the case of € = —1.0%, the region of large phonon
linewidths occurs in the medium frequency and mainly con-
tains two parts of compositions: at the I" point and at the
midpoint of the I'—X line. Both phonon modes belong to the
irreducible representations of E;. One is the in-plane vibra-
tions of Sn and O atoms within their sublattice and with re-
spect to a sublattice of each other (~ 120 cm™'), i.e. By
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shown in Fig. 2. The other one is the out-of-plane vibra-
tion of two Sn atoms (~ 200 cm™'), i.e. Ey(_) shown in
Fig. 2. The secondary peak around 200 cm~! of the monolayer
(Fig. 3(a)) shows that the E;(_») mode also has weak coupling
with the electron in the strain-free condition. The major rea-
son for the change in electron—phonon coupling is the effect
of € = —1.0% on the conduction band edge, especially around
the M point. Additionally, the Ey_) mode at the midpoint
of the I'—X line assists the intervalley electronic scattering be-
tween the valleys around the M point. Meanwhile, the phonon
modes around the I" point assist the intravalley electronic scat-

]

tering.

Energy/eV

2
M r r X M r
=—0.5% e=—1.0%
5
v © V \7 (d)
> 41 11 |
2
>
0
g
&
2
r X M r r X M r
e=40.5% e=+1.0%

Fig. 4. Band structures under (a) and (b) compression strains (€ =
—0.5%, —1.0%), and under (c¢) and (d) tensile strains (¢ = 0.5%, 1.0%).
The black line indicates the band structure of the strain-free monolayer
SnO. The compression strains mainly influence the conduction band
around the points X and M; tensile strains mainly influence the conduc-
tion band around the X point.

The transport spectral function o4, under different strains
also illustrates the significant change in electron—phonon cou-
pling, as shown in Fig. 6(a). For the case of € = —1.0%,
the main peak in the high-frequency region has a sharp de-

I comes from the con-

crease. The new peak around 120 cm™
tribution of the Ey(_ ;) mode coupling with electrons. Accord-
ing to Eq. (1), the small peak in the low-frequency region still
produces large electron—phonon coupling. Therefore, the re-
laxation time T of € = —1.0% is lower than the prototypical

monolayer. Finally, the strains considered in the present work

have no remarkable influence on the electronic relaxation time,
as shown in Fig. 6(b).
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Fig. 5. Phonon spectra and phonon linewidths under (a) and (b) com-
pression strains (€ = —0.5%, —1.0%), and under (c) and (d) tensile
strains (€ = 0.5%, 1.0%). The large phonon linewidths mainly focus
on the I point in the high-frequency region (350-400 cm™!) except for
€ = —1.0%, which has large phonon linewidths at the I" point and the
midpoint of the I — X line in the range of 150-200 cm~".
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Fig. 6. (a) Transport spectral function o4 and (b) the electronic relax-
ation time 7 under compression strains (€ = —0.5%, —1.0%) and tensile
strains (€ = 0.5%, 1.0%). The main peak appears at ~ 380 cm ™! in the
high-frequency region except for € = —1.0%.
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3.3. Mobility

The carrier mobility u as a function of the temperature for
the structures with different layers and various strains is plot-
ted in Fig. 7. Firstly, u of the bilayer is much higher than those
of the monolayer and T-bilayer, due to the prominent change
in conduction band edge as well as the electron—phonon cou-
pling. At room temperature, the bilayer has = 76 cm?/(V-s)
with six times the mobility of monolayer or T-bilayer, and
the enhancement of the bilayer is more significant when the
temperature drops (Fig. 7(a)), such as when 230 cm?/(V-s)
at 100 K. Secondly, the results show that there is no no-
table difference between carrier mobility under various strains
(Fig. 7(b)). At room temperature, y for all cases has a low
value of ~ 10 cm?/(V-s). The present results show that the N-
type carrier mobility in the monolayer or bilayer SnO is much
higher than the P-type carrier mobility obtained in the previ-
ous experiment.['”) Hence, the N-type ultrathin film of SnO
may be more suitable for transistor devices.

300 T T T T
(a) —a— monolayer
250 | —e— bilayer ]
—— T-bilayer

t» 200

|

Z 150

N

=

< 100

3

p/cm2V-lg-l

Fig. 7. Mobility u as a function of the temperature 7" for the (a) mono-
layer, bilayer, and T-bilayer, and the (b) monolayer with various strains
(e =-0.5%, —1.0%, 0.5%, and 1.0%).

4. Conclusion

In summary, we have studied the effect of the number
of layers and strains on the phonon-limited mobility of SnO.
In the strain-free condition, it is found that the coupling of
the electron with the Ay, phonon mode in the high-frequency
region is the strongest for the three types of layer structures.
Furthermore, the interaction between Sn atoms from differ-
ent layers in the bilayer structure obviously changes the CBM.

Hence, the bilayer has the highest mobility of the three cases.
After the introduction of strain in the monolayer structure, the
compressive strain of € = —1.0% leads to the CBM consisting
of two valleys: one at the I'" point and one along the M-I line.
Therefore, the intervalley electronic scattering assisted by the
E,(_1) mode only appears in this case. However, the electron—
phonon coupling regionally transferring from high frequency
Ay, to low frequency Eg(_ i) results in little change in elec-
tronic transport; this is also present with other strains. This
study provides fundamental information about the electron—
phonon coupling and electronic transport property for in-depth
research.
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